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The 26S proteasome is a 2.5 MDa molecular machine for the degradation of substrates of the ubiquitin-pro-
teasome pathway with a key role in cellular proteostasis. Until recently, only the structure of its core particle,
the 20S proteasome, could be studied in detail, whereas the 19S regulatory particle or the holocomplex re-
mained elusive. Novel integrative approaches have now revealed the molecular architecture of the entire
complex and provided the first insights into the conformational changes during its functional cycle. Here
we review the problems in structural studies of the 26S proteasome, the methods that made possible its
structure determination, the architectural principles of the holocomplex, and its conformational space. These
advances provide valuable insights into the mechanism of substrate recruitment and processing preceding
their destruction in the 20S core particle.The ubiquitin proteasome system (UPS) constitutes the primary
pathway for protein degradation in eukaryotic cells (Hershko
et al., 2000). It serves to eliminate misfolded or damaged pro-
teins and to terminate the lifespan of proteins no longer needed.
As such, the proteasome is a nonspecific protease; it is a proc-
essive enzyme cleaving polypeptide chains into oligopeptides.
Specificity is primarily conferred by the ubiquitin system: a
cascade of E1, E2, and E3 enzymes marks substrates for degra-
dation by the covalent attachment of ubiquitin (Ub) moieties. Pol-
yubiquitin, resulting from chain extensions, is a recognition
signal for the proteasome, the molecular machine executing
the destruction of the target protein.
Degradation of most intracellular proteins is performed by
ATP-dependent systems first discovered by Etlinger and Gold-
berg (Etlinger and Goldberg, 1977). This class of proteases
acts in conjunctionwith an AAA-ATPasemodule of homo- or het-
erohexameric ring structures that prepares substrates for degra-
dation. It recognizes target proteins, unfolds them, and assists in
their translocation into the inner compartment of a proteolytic
core complex, where, sequestered from the cellular environ-
ment, the active sites are located (Figure 1) (Lupas et al.,
1997b; Sauer and Baker, 2011). In archaea, the cytosolic ATP-
dependent protease is an archetypical 20S proteasome (see
below). Access to its interior is controlled primarily by the AAA-
ATPase proteasome-activating nucleotidase (PAN) (Zwickl
et al., 1999) or by Cdc48 (also called VAT) (Barthelme and Sauer,
2012; Forouzan et al., 2012; Pamnani et al., 1997). Bacteria have
a more diverse set of cytosolic ATP-dependent proteases,
including the ClpXP, ClpAP, ClpCP, and HslUV systems (Gottes-
man et al., 1997) and in actinomycetes the 20S proteasome/ARC
(Mpn) system (Sauer and Baker, 2011; Tamura et al., 1995; Wolf
et al., 1998).
The 26S proteasome is the only ATP-dependent protease
found in the eukaryotic cytosol and nucleus (Tanaka, 2009;
Voges et al., 1999). Its cylinder-shaped proteolytic core is the
20S proteasome or core particle (CP), which is capped at one
or both ends by 19S regulatory particles (RPs) (Figure 2) (Peters
et al., 1993). The AAA-ATPase module of the 26S proteasomeStructureevolved from a PAN-like homohexamer into a heterohexamer
formed by the subunits RP Triple-A ATPase 1–6 (Rpt1–Rpt6),
which assumed nonredundant functions (Wollenberg and Swaf-
field, 2001). In addition, the 26S proteasome contains 13RP non-
ATPases (Rpn1–Rpn3, Rpn5–Rpn13, and Rpn15/Sem1), which
have coevolved with the UPS.
The structure of the 2.5 MDa 26S proteasome has remained
elusive for decades despite its essential role in the maintenance
of protein homeostasis (proteostasis). Only recently has the
molecular architecture of the 26S proteasome been elucidated
using electron microscopy (EM)-based approaches (Lander
et al., 2012; Lasker et al., 2012). Here, we review the challenges
the structure determination of the 26S proteasome has been
confronted with, our current understanding of the proteasome
structure, and the conformational changes the complex un-
dergoes in its functional cycle.
Problems in the Structure Determination of the 26S
Proteasome
The purification of the 26S proteasomewas first reported in 1987
(Hough et al., 1987), but the very existence of the 26S protea-
some continued to be challenged (Seelig et al., 1991). A few
years later, the structure of the CP was determined to atomic
detail using X-ray crystallography (Groll et al., 1997; Lo¨we
et al., 1995). The discovery of the archaeal 20S ancient or ‘‘Ur’’
proteasome (Dahlmann et al., 1989), which, despite having a
much simpler subunit composition, has the same quaternary
structure as its eukaryotic counterpart, and the recombinant
expression of this complex paved the way for its successful
structure determination (Zwickl et al., 1992).
In eukaryotes, access to the CP is facilitated by the ATP-
dependent 19S RP, but also by two ATP-independent regulatory
particles, the 11S RP/PA28 and Blm10/PA200, which have
specialized functions in the ubiquitin-independent processing
of substrates such as antigenic peptides for the major histocom-
patibility complex class I system (Murata et al., 2001) and his-
tones (Qian et al., 2013), respectively. Atomic structures of these
ATP-independent regulatory particles bound to the CP have21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1551
Figure 1. Modular Architecture of ATP-
Dependent Cytosolic Proteases Found in
the Three Domains of Life
In all of these systems, the core is a two-fold
symmetrical catalytic module of cylindrical shape
(red) that is regulated by a hexameric AAA-
ATPase ring (blue). HslV, the core module of the
bacterial HslUV, is assembled of two identical
homohexameric rings. The AAA-ATPase homo-
hexamer HslU, which consists of a single AAA
ring, caps both cylinder ends. ClpP is a homo 14-
mer, to which the single AAA ring ClpX or the
double AAA ring ClpA or ClpC can bind. Only
bacteria of the order Actinomycetales have the
CP-ARC system: an ATPase forming ring-shaped
complexes (ARC), also referred to as Mycobac-
terium proteasomal ATPase (Mpa), regulates the
four-ring CP. ARC consists of an AAA ring and
two smaller stacked N rings. PAN from the
archaeal CP-PAN system possesses only a single
N ring. Strikingly, PAN is not conserved
throughout archaea, and the double AAA ring
Cdc48 is an alternative regulator of the CP. The AAA-ATPase module of the eukaryotic 26S proteasome is most closely related to PAN. Together with at least
13 different non-ATPase subunits (gray) it forms the RP, which associates to one or both ends of the eukaryotic CP.
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Reviewbeen obtained using X-ray crystallography. For an in-depth dis-
cussion of the structures and functions of these assemblies we
refer to Kish-Trier and Hill (2013).
In contrast to the CP and its complexes with ATP-independent
RPs, the structure of the 26S proteasome remained elusive until
recently, despite intense efforts in many laboratories ongoing
over a period of two decades. All attempts so far to crystallize
the holocomplex have been met with frustration. The main
reason for this is, most likely, the compositional and conforma-
tional heterogeneity of 26S proteasome preparations.
Recombinant expression, which is the preferred method for
the production of large amounts of homogeneous material for
crystallization, resulted in aggregate formation for many individ-
ual subunits and failed entirely for the holocomplex. The prob-
lems in expressing individual subunits are complicated by the
fact that many of them remain only stably folded when integrated
into the holocomplex. The failure to express the holocomplex is,
to some extent, due to the recently discovered intricate assem-
bly pathway of the 19S RP involving the assistance of several
assembly chaperones (reviewed in Saeki and Tanaka, 2012).
The 19S RP comprises two subcomplexes, the base and the
lid (Glickman et al., 1998). The base includes the Rpts, Rpn1,
Rpn2, and Rpn13, and its assembly requires at least four
different assembly chaperones: Nas2, Nas6, Rpn14, and Hsm3
(yeast nomenclature) (Funakoshi et al., 2009; Kaneko et al.,
2009; Park et al., 2009; Roelofs et al., 2009; Saeki et al., 2009).
In addition, the deubiquitylating enzyme (DUB) Ubp6 also assists
base assembly, but it is not essential (Sakata et al., 2011). The
assembly of the lid complex (Rpn3, Rpn5, Rpn6, Rpn7, Rpn8,
Rpn9, Rpn12, and Rpn15/Sem1) seems to be simpler (Estrin
et al., 2013; Fukunaga et al., 2010; Tomko and Hochstrasser,
2011), and its expression in Escherichia coli succeeded in the
presence of the eukaryotic chaperone Hsp90 (Lander et al.,
2012).
Preparations of 26S proteasomes tend to be heterogeneous in
composition. Endogenous 26S proteasomes are commonly pu-
rified using epitope tags such as FLAG (Verma et al., 2000) or
high-affinity ligands such as the ubiquitin-like domain (Ubl) of
Rad23 (Besche et al., 2009). These preparations are neverthe-1552 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights rless unstable, and typically holocomplexes and subcomplexes
such as double-capped proteasomes, single-capped protea-
somes, RPs, and CPs coexist. Thus, the 26S proteasome tends
to be in equilibrium with subcomplexes in vitro, and probably
also in vivo as indicated by a nonstoichiometric ratio of
CP:base:lid of approximately 4:2:1 in cells (Havugimana et al.,
2012). According to this stoichiometry, CP-base complexes
could exist; they can indeed be found in preparations of purified
proteasomes (Lander et al., 2012), and CP-Rpts-Rpn1 subcom-
plexes could be reconstituted in vitro (Park et al., 2013). Various
proteasome cofactors, e.g., ECM29 (Kleijnen et al., 2007), and
ubiquitylated substrates tend to associate in substoichiometric
amounts, and some subunits, e.g., Rpn10, can undergo post-
translational modifications such as ubiquitylation (Isasa et al.,
2010), further increasing the heterogeneity of samples.
Finally, the 26S proteasome is a highly dynamic holocomplex.
Since the association of CP and 19S RP requires ATP (Smith
et al., 2005), it is present in proteasome preparations and ATP
hydrolysis by the AAA-ATPases drives conformational changes,
adding yet another layer of heterogeneity to the sample. More-
over, the Rpn subunits consist mostly of repetitive structures
similar to tetratricopeptide repeats (TPRs), which tend to be
highly flexible (Fo¨rster et al., 2010). In summary, it is difficult if
not impossible to control all the sources of compositional and
conformational heterogeneity in preparations of 26S protea-
somes. This poses a challenge to all crystallization efforts but
also for structural studies by other methods.
Cryo-EM single-particle analysis is more tolerant with respect
to molecular complexity, sample quantities, and structural het-
erogeneity than are other high-resolution structural biology tech-
niques (Frank, 2006). Consequently, it has taken a pivotal role in
unraveling the molecular architectures of complexes such as the
26S proteasome. Nevertheless, the noncooperative nature of the
sample has hitherto prevented to obtain EM density maps of a
quality that would allow an interpretation of subunit architecture
based on these data only. It turned out to be essential to develop
integrative methods combining cryo-EM with biochemical
methods to determine the molecular architecture of this quintes-
sential molecular machine.eserved
Figure 2. 26S Proteasome Studied by Electron Microscopy over the
Past Two Decades
(A) Two-dimensional averages from negatively stained Xenopus laevis 26S
proteasomes allowed putting forward an assignment of functional modules in
the 26S proteasome as early as 1993 that stood the test of time. Reproduced
from Lupas et al. (1993).
(B) A three-dimensional reconstruction of the S. cerevisiae 26S proteasome at
7 A˚ resolution (left) allowed building an atomic model of the holocomplex
(right) (Beck et al., 2012).
(C) In the cut-open view, the cavity system inside the unfoldase and CP can be
discerned.
Structure
ReviewStructure of the CP-AAA Subcomplex
The CP is a two-fold symmetrical assembly of four concentric
rings (Figure 2) (Pu¨hler et al., 1992). In archaea, the individual
rings are homoheptamers, whereas they are heteroheptamers
in eukaryotes. The active sites are located in the cavity sur-
rounded by the two central b rings. In the eukaryotic CP, onlyStructurethree of the seven different b subunits (b1, b2, and b5) are catalyt-
ically active (Seemu¨ller et al., 1995). The two a rings together with
their neighboring b rings form two smaller compartments (‘‘ante-
chambers’’), providing a microenvironment that maintains sub-
strates in an unfolded state prior to their degradation (Ruschak
et al., 2010; Sharon et al., 2006). The passage through the center
of a ring (the ‘‘a annulus’’ or ‘‘gate’’) is regulated by conforma-
tional changes of the pore-forming loops allowing only unfolded
substrates to enter the central cavity (Wenzel and Baumeister,
1995).
Structural studies of prokaryotic ATP-dependent proteases,
most notably the structure of HslUV (Rohrwild et al., 1997; Sousa
et al., 2000), suggested that the 19S RP binds to the a ring via its
AAA-ATPase module. Cryo-EM single-particle reconstructions
at 20 A˚ resolution provided the first insights into the organiza-
tion of the RP AAA-ATPases and their association with the CP
(Nickell et al., 2009). These reconstructions depicted the 26S
proteasome in an ATP-hydrolyzing (ATPh) state. Segmentation
of the AAA-ATPase module revealed that it formed a hexameric
ring with a structure reminiscent of the PAN homohexamer (Djur-
anovic et al., 2009; Zhang et al., 2009a). PAN consists of two
rings that were crystallized separately: the ‘‘AAA ring’’ formed
by the C-terminal AAA-folds and the ‘‘N ring’’ consisting of
PAN’s oligosaccharide binding (OB) folds. The N termini of
PAN are organized as trimers of coiled-coil dimers protruding
from the N ring. Interestingly, the coiled coils and the OB ring
have chaperone activity for which the three-residue linker is
essential (Djuranovic et al., 2009). At the very N termini of PAN,
ARC, and the Rpts, there are approximately 50 amino acids
that are predicted to be unstructured and may be important for
substrate binding in conjunction with the coiled coils (Re-
chsteiner et al., 1993). The role of the coiled coils in substrate
recognition has so far only been studied for ARC: the prokaryotic
ubiquitin-like protein (Pup), a natively unfolded 64-residue Ub
analog that can be covalently attached to substrates (Pearce
et al., 2008), binds to the coiled coils, and, concomitantly, adopts
a helical secondary structure (Wang et al., 2010). In the context of
the RP, it is conceivable that the coiled coils of the Rpts are
responsible for recognition of secondary degradation signals
(‘‘degrons’’), loosely folded or unstructured protein segments
of substrates (Peth et al., 2010; Prakash et al., 2009).
Surprisingly, the AAA ring and the CP are not axially aligned in
the 26S proteasome in the ATPh state (Bohn et al., 2010; Nickell
et al., 2009), in contrast to HslUV (Sousa et al., 2000) and ClpCP
(Ishikawa et al., 2001). The center of the pseudo-six-fold AAA
ring is shifted by 20–30 A˚ away from the pseudo-seven-fold
axis of the CP, and the pseudo-three-fold symmetry axis of the
AAA-ATPase hexamer is tilted by 5–10 with respect to the
CP axis. ATP-dependent conformational changes of the 26S
proteasome result in an alignment of the CP and AAA-ATPase
channels (see below).
The most likely subunit order of the Rpt subunits in the assem-
bled heterohexamer and the relative positioning of N and AAA
domain was inferred on the basis of published protein-protein
interaction data, the requirement of Rpt2, Rpt3, and Rpt5 to
alternate in position to form critical cis-isomers by prolines that
are conserved in these subunits (Djuranovic et al., 2009), and
the maximal linker lengths between AAA ring and N ring (Fo¨rster
et al., 2009; Nickell et al., 2009). In essence, for all possible21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1553
Figure 3. Atomic Model of the 26S
Proteasome and Its Sub-complexes (PDB
code: 4b4t)
(Top) One half of the approximately C2-symmetri-
cal holocomplex is shown from three different
views, each rotated by 90. Although the two
halves are not exactly identical and C2 symmetry
is broken, the differences are very subtle and
ignored here. The CP is shown in red, the ATPase
heterohexamer in blue, the PC subunits in brown
(Rpn1) and yellow (Rpn2), the Ub receptors in
purple, the PCI subunits in green, the N-terminal
helix of Sem1/Rpn15 in orange, and unassigned
helices in gray.
(Bottom) Close-up views of lid, including the
semitransparent Rpn10 (left, view identical to top
left) and base (right, view identical to top center).
Structure
Reviewpermutations of subunits in the AAA ring and N ring, the viola-
tions of interactions were determined, and the model with the
least violations of the aforementioned restraints yielded the
most probable subunit architecture (Fo¨rster and Villa, 2010).
The subunit order Rpt1/Rpt2/Rpt6/Rpt3/Rpt4/Rpt5 resulted as
the most likely order of subunits in the hexameric ring (Fo¨rster
et al., 2009). This arrangement agrees with predictions based
on the sequence evolution of the Rpts (Wollenberg and Swaf-
field, 2001) and was eventually confirmed experimentally using
engineered disulfide crosslinks (Tomko et al., 2010) and cross-
linking in conjunction with mass spectrometry (XL/MS) (Bohn
et al., 2010). Likewise, the suggested relative positioning of the
AAA-ATPase hexamer on top of the CP (Fo¨rster et al., 2009)
could also be confirmed experimentally by XL/MS (Bohn et al.,
2010) and engineered crosslinks of the Rpt C-termini (Tian
et al., 2011).
The C termini of three AAA-ATPase subunits, Rpt2, Rpt3, and
Rpt5, share a commonmotif that is also conserved in PAN, ARC,
and Cdc48: a hydrophobic residue (Hb) and a tyrosine followed
by a residue of any type (HbYX) (Smith et al., 2007). This motif is
essential for the association of PAN with the CP and seven-res-
idue or longer peptides from PAN’s C terminus can insert into
pockets in the CP, which triggers gate opening (Rabl et al.,
2008; Smith et al., 2007). The precise binding mode is still under
debate because X-ray crystallographic studies of chimeras of
11S regulatory particles fused with the PAN C terminus in com-
plex with the CP yielded inconsistent results (Stadtmueller et al.,
2010; Yu et al., 2009). In cryo-EM reconstructions of the 26S pro-
teasome, the C termini of Rpt2, Rpt3, and Rpt5 were also found
to bind to the CP, while the remaining three C termini are not1554 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights reservedresolved, probably due to flexibility
(Bohn et al., 2010; Lander et al., 2012;
Lasker et al., 2012). The resolution in
these studies was not sufficient to deter-
mine the structural details of the interac-
tion the C termini with the CP pockets.
The coiled coil formed by Rpt3/Rpt6
makes extensive contacts with the bulk
of the Rpns (Figure 3). The Rpt1/Rpt2
coiled coil binds to a singular density later
identified as Rpn1, whereas the Rpt4/
Rpt5 coiled coil remains free to move.
From the molecular models, it alsobecame apparent that the CP and the AAA-ATPase hexamer
do not exhibit extensive common interfaces in contrast to HslUV
(Sousa et al., 2000). This relatively weak molecular interaction is
a consequence of the mismatch between the pseudosymme-
tries of CP and AAA-ATPase (seven-fold versus six-fold); it is
likely to facilitate remodeling of the CP-AAAmodule as observed
with different nucleotide states (see below).
More recently, the AAA-ATPase module was resolved to sub-
nanometer resolution in the ATPh state (Lander et al., 2012;
Lasker et al., 2012). The relatively high resolution attained in
the AAA-ATPase module suggests that the 26S proteasome is
primarily present in a single low-energy conformation in the pres-
ence of ATP with a hitherto unknown nucleotide distribution
(Figure 3). Atomic models of the AAA domains, the ‘‘large’’ N-ter-
minal domain and the ‘‘small’’ C-terminal domain, could be fitted
into these densities; the ‘‘pore loops’’ of the large AAA domains,
which are assumed to pull the substrates through the central
channel of the AAA ring, are positioned on a helical staircase
(Lander et al., 2012; Sledz et al., 2013b), similar to recently re-
ported structures of V-ATPases (Arai et al., 2013), RecA/DnaB-
type helicases (Itsathitphaisarn et al., 2012), and AAA-type heli-
cases (Thomsen and Berger, 2009). A characteristic feature of
AAA-ATPases and the related V-ATPases and RecA/DnaB-AT-
Pases is the ‘‘arginine finger,’’ composed of one or two arginine
residues in the large AAA domain that can reach into the ATP-
binding site of the neighboring large AAA domain (Ogura et al.,
2004). Due to the helical arrangement, only five of the six arginine
fingers are engagedwith their neighboring subunits, whereas the
Arg finger at the interface of Rpt3/Rpt6 is not because the kink
between the highest and the lowest point in the staircase is
Figure 4. Crystal Structures of Three Major Representatives of RP
Non-ATPases
(A) PC subunits. Rpn2 (PDB code: 4ADY) has of a torus-shaped central domain
(orange) consisting of characteristic ‘‘PC repeats,’’ and the N-terminal (yellow)
and C-terminal (red) segments form a rod-like domain.
(B) PCI subunits. From the N to C terminus, Rpn6 (left, PDB code: 3TXN) and
Rpn12 (PDB code: 4B0Z) consist of TPR-like repeats (green) and a winged-
helix (WH) domain (blue). The WH domain and adjacent conserved helices
(light green) form the PCI module.
(C) MPN subunits. In the crystal, the catalytically inactiveMPN domain of Rpn8
(PDB code: 2O95) forms a dimer (left) with a quaternary structure similar to that
of the Rpn8/Rpn11 heterodimer. Rpn11’s active site likely resembles that of
AMSH-LP (right, PDB code: 2ZNV), which involves a coordinated zinc ion and
the binding of Ub (red) may be similar.
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Reviewlocated here (Sledz et al., 2013b). Moreover, two different
arrangements of the small AAA domain of one subunit and the
large AAA domain of its neighbor, an intersubunit module (ISM)
that remains essentially invariant throughout the nucleotide cycle
of ClpX (Glynn et al., 2009; Glynn et al., 2012), were observed
(Sledz et al., 2013b): five ISMs resemble the contacts observed
in the crystal structures of ClpX (Glynn et al., 2009), whereas
the Rpt3/Rpt6 ISM is similar to contacts observed in the crystal
structure of PAN bound to ADP (Zhang et al., 2009a).
Integrative Determination of the Subunit Architecture of
RP Non-ATPases
Two independent studies by Lander et al. (2012) and Lasker et al.
(2012) revealed the architecture of the Rpns. In both studies,
the ‘‘frame’’ for the structural interpretation was a subnanome-
ter-resolution reconstruction of the 26S proteasome from
Saccharomyces cerevisiae and Schizosaccharomyces pombe,
respectively. The positions of the nonessential ubiquitin recep-
tors Rpn10 and Rpn13 were determined by comparison of re-
constructions of 26S proteasomes from deletion mutants with
the wild-type reconstruction in both studies (Sakata et al.,
2012). However, different strategies were used to determine
the subunit positions of the remaining Rpns. Lander et al.
(2012) fused their N and C termini systematically with maltose
binding protein (MBP), which revealed the positions of their
termini in difference maps. Automated segmentation methods
were used to assign the subunits in the subnanometer recon-
struction. Lasker et al. inferred the positions of subunits based
on protein-protein interaction data either from XL/MS data of
the S. pombe and S. cerevisiae holocomplex or retrieved from
the literature (Fo¨rster et al., 2010). In a multiscale approach,
the most likely positions of subunits were first determined on a
coarse level to position comparative models of subunits (Lasker
et al., 2010; Russel et al., 2012) that were then refined using mo-
lecular dynamics flexible fitting (Trabuco et al., 2008). Both ap-
proaches resulted in essentially the same subunit organization
of Rpns; they only differed in the precise assignment Rpn8/
Rpn11, a poorly resolved heterodimer in both studies. A massive
data collection effort yielding 2.5 million S. cerevisiae 26S pro-
teasome single-particle images resulted in a reconstruction of
approximately 7 A˚ resolution, which clarified the architecture of
the Rpn8/Rpn11 heterodimer. The cryo-EM density was of suffi-
ciently high quality to allow putting forward an atomic model of
the entire 26S proteasome (Figure 3) (Beck et al., 2012).
Molecular Architecture of the Base at Atomic Level
The RP base subcomplex consists of the AAA-ATPase hexamer
and the subunits Rpn1, Rpn2, and Rpn13. Rpn1 and Rpn2, the
two largest RP subunits, are evolutionarily related and share a
central domain that contains repetitive motifs with subunits of
the anaphase promoting complex/cyclosome, the proteasome
cyclosome (PC) repeats (Lupas et al., 1997a). The structure of
Rpn2 (He et al., 2012) confirmed sequence-based predictions
that this PC domain is torus shaped (Figure 4A) (Kajava, 2002).
The N-terminal and C-terminal segment of Rpn2 form an
extended rod, which together with the PC torus gives rise to a to-
bacco-pipe-shaped structure (He et al., 2012). Cryo-EMmaps of
the 26S proteasome indicate that the architecture of Rpn1 is
similar to that of Rpn2 (Beck et al., 2012; da Fonseca et al.,21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1555
Figure 5. Schematic of Modular
Architecture of Base and Lid
(Left) Base. The N and AAA ring of the AAA-
ATPase heterohexamer (Rpt1–Rpt6) are respon-
sible for substrate unfolding. The tips of the Rpt
coiled coils and the adjacent unfolded domains
are probably involved in substrate commitment
following initial recruitment by the Ub receptors.
The non-ATPases Rpn1 and Rpn2 attached to the
coiled coils of Rpt1/Rpt2 and Rpt6/Rpt3 are sub-
strate-recruiting adaptors where Ub receptors (the
resident receptor Rpn13, as well as the associated
receptors Rad23, Dsk2, and Ddi1) and also the
associated DUBs (Ubp6 and Uch37) can dock.
(Right) Lid. The DUB module comprising the MPN
domains of Rpn8 and Rpn11 is in the center of the
subcomplex. The C termini of the MPN and PCI
subunits assemble to a helical bundle (gray) that serves as a tether in the lid. The WH domains of the PCI subunits form a horseshoe. The peptide Rpn15/Sem1
appears to ‘‘glue’’ Rpn7 and Rpn3 together. The TPR-like domains protrude from the horseshoe and facilitate interactions with the CP and possibly PIPs. The
subunit Rpn10 is absent from both panels because it is not an integral part of either the purified base or the lid.
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Review2012; Lander et al., 2012; Lasker et al., 2012). Rpn1 and Rpn2
bind to the coiled coils of Rpt1/Rpt2 and Rpt6/Rpt3, including
the unstructured Rpt N termini, which are essential for this inter-
action (Barrault et al., 2012). Rpn1 and Rpn2 act as adaptors for
substrate recruitment factors (Figure 5). ‘‘Shuttling’’ Ub recep-
tors Rad23, Dsk2, and Ddi1, which recruit polyubiquitylated
substrates via their Ub-associated domain (UBA), bind to
leucine-rich repeats (LRRs) located in the central toroidal Rpn1
domain with their UBL domain to deliver substrates to the 26S
proteasome (Elsasser et al., 2002). Rpn1 is a hotspot of variation
in EM maps. This high structural variability may facilitate recruit-
ment of shuttling Ub receptors and also of the DUB Ubp6, which
also binds to the LRRs via its UBL domain (Leggett et al., 2002).
Hitherto, Ubp6 could be localized only tentatively in the vicinity of
Rpn1, presumably due to the high structural variability of both
Rpn1 and Ubp6 (Lander et al., 2012).
The only Ub receptor that is known to bind to Rpn2 is Rpn13
(Figure 5). It is nonessential (Hamazaki et al., 2006; Verma
et al., 2000), but is nevertheless considered a canonical RP sub-
unit because it is found in stoichiometric amounts in 26S protea-
some preparations from S. cerevisiae, but not from S. pombe
(Bohn et al., 2010) and Homo sapiens (Chen et al., 2010). In the
RP structure, Rpn13 is positioned adjacent to the C-terminal
domain of Rpn2, consistent with biochemical and NMR data
(Husnjak et al., 2008; Schreiner et al., 2008). Rpn13 binds ubiq-
uitin through loops of its pleckstrin homology domain, which is
hence named the Pleckstrin-like receptor for ubiquitin (Pru)
domain (Schreiner et al., 2008).
In most eukaryotes, with the notable exception of
S. cerevisiae, Rpn13 possesses an additional C-terminal
domain, which serves to bind the DUB Uch37 (Chen et al.,
2010). Remarkably, DUB activity of Uch37 is stimulated strongly
upon binding to the C-terminal domain of Rpn13 (Hamazaki
et al., 2006; Qiu et al., 2006; Yao et al., 2006), and Ub binding
to 26S proteasome-associated Uch37 increases ATPase activity
and induces CP gate opening (Peth et al., 2013), suggesting an
intricate interplay between DUB activity and proteasomal activ-
ity, the structural basis of which remains to be elucidated.
Architecture of the Lid Including Rpn10
The second proteasomal Ub receptor known to date, Rpn10
(van Nocker et al., 1996), was initially thought to form a hinge be-1556 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights rtween the base and lid subcomplexes because it copurifies with
neither subcomplex (Glickman et al., 1998). However, it turned
out that Rpn10 is integrated into the lid via its N-terminal vonWil-
lenbrand domain, which binds primarily to Rpn8, Rpn11, and the
N-terminal region of Rpn9 (Figure 3). Since Rpn10 is not part of
the isolated lid complex, this subunit probably associates with
the lid only after its incorporation into the RP, which has been
observed to induce a large conformational change of the lid
(Lander et al., 2012). The N terminus of Rpn10 is composed of
Ub-interacting motifs (UIMs), helices with a high propensity to-
ward Ub (one helix in S. cerevisiae, two in mammals or three
in Drosophila melanogaster) connected by flexible loops (Zhang
et al., 2009b). They protrude toward the coiled coils of Rpt4/5
(Sakata et al., 2012). Thus, similar to the other proteasomal Ub
receptors, Rpn10 is positioned in close proximity to an Rpt
coiled coil.
The lid subcomplex is similar in composition (Hofmann and
Bucher, 1998) and architecture to the COP9 signalosome
(CSN) (Enchev et al., 2012) and elongation initiation factor 3
(eIF3) (Querol-Audi et al., 2013; Sun et al., 2011). All three com-
plexes consist of six subunits with a characteristic protea-
some-COP9-initiation factor 3 (PCI) module (seen in Rpn3,
Rpn5, Rpn6, Rpn7, Rpn9, and Rpn12 in the lid) and two subunits
with an Mpr1-Pad1 N-terminal (MPN) domain (Rpn8 and Rpn11)
(Hofmann and Bucher, 1998).
From the N to the C terminus, the PCI proteins consist of TPR-
like repeats, a winged helix (WH) domain, and at least one long
C-terminal helix with a high probability to form coiled coils (Fo¨r-
ster et al., 2010; Scheel and Hofmann, 2005), as illustrated for
Rpn6 and Rpn12 (Figure 4B). The TPR-like stretch consists of
bihelical repeats of 40 residues (instead of 34 in TPRs). Toward
the WH domain, the repeats are less regular. Due to significant
sequence similarity, this irregular TPR-like stretch together with
the WH domain are referred to as the ‘‘PCI module’’ (Scheel
and Hofmann, 2005); this module is characterized by its evolu-
tionary conservation, but it does not define the limits of a
structural domain.WHdomains are common for example among
transcription factors, in which they bind to DNA (Gajiwala and
Burley, 2000). Nucleic acid interactions have not been reported
to date for the proteasomal PCI subunits, although such interac-
tions seem to be sterically compatible with the RP structure
(Lasker et al., 2012).eserved
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ReviewIn the lid, the sixWH domains form a horseshoe-shaped struc-
ture with the order Rpn9/Rpn5/Rpn6/Rpn7/Rpn3/Rpn12 (Lander
et al., 2012; Lasker et al., 2012; Pathare et al., 2012); the N-ter-
minal TPR-like domains emanate from the horseshoe (Figures
3 and 5). The C-terminal helices, together with C-terminal helices
from the MPN subunits, assemble to form a helical bundle (Beck
et al., 2012; Estrin et al., 2013). The peptide Rpn15/Sem1 is posi-
tioned between Rpn3 and Rpn7 (Bohn et al., 2013). Interestingly,
Sem1 binds entirely differently to the WH domain of Rpn7 from
the interaction observed in the TREX-2 complex (Ellisdon et al.,
2012). In the lid, Sem1 apparently functions as molecular glue,
holding Rpn3 and Rpn7 together, but it might also facilitate inter-
actions with other Sem1-containing protein complexes (Bohn
et al., 2013).
Specific MPN domains, also called MPN+ or JAMM domains,
are characteristic for a family of DUBs that act as metallopro-
teases. The MPN+/JAMM domains coordinate a catalytically
essential zinc ion in their active site. AMSH-LP is the structurally
best-understood member of this family (Figure 4B) (Sato et al.,
2008). In the lid, signalosome, and eIF3 only one of the two
MPN subunits is proteolytically active: Rpn11 (Verma et al.,
2002; Yao and Cohen, 2002) and its paralog eIF3f (Moretti
et al., 2010) show deubiquitylating activity, whereas Csn5 pro-
motes deneddylation of cullin ligases (Cope et al., 2002; Echalier
et al., 2013; Lyapina et al., 2001). A remarkable feature shared by
these three metalloproteases is that they are inactive in isolation.
Rpn11 not only requires integration into the lid; its enzymatic
activity is also coupled to ATP-hydrolysis by the 26S holocom-
plex, suggesting an intricate interplay of base and lid during
polyubiquitin isopeptide cleavage (Verma et al., 2002; Yao and
Cohen, 2002). Rpn8 (Figure 4C) and the paralogs Csn6 and
eIF3h lack key residues that coordinate a metal ion rendering
them catalytically inactive, but they might nevertheless
contribute to the enzymatic function, for example by providing
additional Ub-binding interfaces.
In the lid, the MPN domains of Rpn11 and Rpn8 form a heter-
odimer with a quaternary structure similar to that of the homo-
dimer formed by isolated Rpn8 MPN domains (Figure 4C)
(Sanches et al., 2007). The MPN heterodimer is embraced by
the WH horseshoe, and the C-terminal helices of Rpn8 and
Rpn11 integrate into the helical bundle that seems to tether all
the lid subunits together, allowing them to move collectively
(Figure 5).
The positioning of the lid in the RP came as a surprise
(Figure 3). Originally, the name ‘‘lid’’ was chosen due under the
assumption that this subcomplex formed a lid on the AAA-
ATPase module in the 26S proteasome (Glickman et al., 1998).
However, it turned out that this subcomplex rather flanks the
AAA-ATPase module and establishes a direct contact with the
CP. The N-terminal domain of Rpn6 associates with the CP sub-
unit a2, suggesting that Rpn6 acts as a molecular clamp holding
the entire holocomplex together (Pathare et al., 2012). Interest-
ingly, overexpression of Rpn6 stimulates assembly of 26S pro-
teasomes, leading to proteotoxic stress resistance and extend-
ing the lifespan of human cells and Caenorhabditis elegans
(Vilchez et al., 2012a; Vilchez et al., 2012b). The N-terminal
domain of Rpn5 also interacts with the CP in other conforma-
tional states of the 26S proteasome (see below). For the remain-
ing four TPR-like domains interactors are not known, but itStructureseems likely that PIPs could dock to them (Figure 5), for example
E3 ligases, which also interact with TPR-like domains in COP9
(Enchev et al., 2012).
The MPN domain of Rpn11 hovers over the mouth of the AAA-
ATPase N ring, suggesting that one major function of the lid is
that of a scaffold holding this DUB in place. Superposition of
Rpn11 with AMSH-LP in complex with K-63 linked diubiquitin
(Figure 4C) positions the proximal Ub in the center of the N ring
and the distal Ub at the periphery of the RP, suggesting that
Rpn11 deubiquitylates substrates immediately prior to their
unfolding in the translocation channel of the ATPasemodule. Un-
derstanding why Rpn11 is inactive in the isolated lid but active in
the 26S holocomplex will require high-resolution structures of
this subunit.
Conformational Changes of the 26S Proteasome during
Its Functional Cycle
Two recent studies provided insights into the conformational
changes that facilitate substrate translocation (Figure 6). In one
of them, the structure of the 26S proteasome was examined in
the presence of the nonhydrolysable ATP analog ATP-gS (Sledz
et al., 2013b). Degradation of peptides not requiring unfolding is
accelerated in the presence of saturated ATP-gS concentration
compared to ATP, which hinted at a substantial conformational
change of the 26S proteasome during its ATP hydrolysis cycle
(Smith et al., 2011). In another cryo-EM study, the stalled 26S
proteasome was examined in complex with a polyubiquitylated
substrate (Matyskiela et al., 2013). Stalling was achieved by a
mutation (‘‘AXA’’) of Rpn11 that prevents coordination of the
zinc ion and renders it inactive (Verma et al., 2002). The model
substrate is translocated and degraded from its C to its N termi-
nus until the polyubiquitin moiety near the N terminus of the sub-
strate stalls translocation.
Surprisingly, both approaches to arrest the 26S proteasome in
a specific state resulted in essentially the same conformational
change of the 26S proteasome (Figure 6). A remarkable feature
of this conformation is that the AAA-ATPasemodule is translated
and rotated with respect to the CP aligning the translocation
channels and the a-subunit gate coaxially. This alignment pro-
vides a structural explanation for the accelerated degradation
of short peptides in the presence of ATP-gS (Smith et al.,
2011). The staircase structure of the AAA-ATPase module is
remodeled mostly through conformational switching of two
ISMs in the heterohexamer: the Rpt3/Rpt6 ISM changes from a
PANADP-like conformation in the ATPh state into a ClpX-like
structure, and the Rpt1/Rpt5 ISM undergoes a transition from
a ClpX-like arrangement into a PANADP-like conformation (Sledz
et al., 2013b). Concomitantly, the Arg finger of Rpt3 becomes
engaged at Rpt6 while the Arg finger of Rpt5 is disengaged
from Rpt1. This structural rearrangement changes the topology
of the pore loop staircase; whereas the kink is located between
Rpt3 and Rpt6 in the ATPh state, it is located between Rpt1 and
Rpt5 in the alternative conformation.
The remodeling of the AAA-ATPase heterhexamer induces a
major structural change also of the Rpns. The PCI horseshoe
and Rpn2 largely transform as a rigid body; this module un-
dergoes a rotation of 20 around an axis nearly parallel to the
pseudosymmetry axis of the CP. The TPR-like domains of
Rpn5 and Rpn6 undergo a significant rearrangement deviating21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1557
Figure 6. Conformational Changes of the
26S Proteasome
The 26S proteasome has been imaged in the ATPh
(left, EMDB: 2165), ATP-gS (middle, EMDB: 2348),
and a substrate-engaged conformation (right,
EMDB: 5669), seen from the top (top row) and side
(middle). Atomic models (bottom) reveal a large
conformational change between the ATPh (PDB
code: 4B4T) and ATP-gS structures (PDB code:
4C0V) but little difference between the ATP-gS
and substrate-engaged conformations. The ATP-
gS structure (center) is colored according to the
subunit types (see Figure 3), whereas the ATPh-
and substrate-engaged structures are colored by
their root-mean-square deviation (rmsd) with
respect to the ATP-gS structure (bar indicates
rmsd in A˚).
Structure
Reviewfrom the rigid body transition; as a consequence, Rpn5 rather
than Rpn6 now tethers the RP to the CP. The Rpn8/Rpn11 het-
erodimer is translated by almost 20 A˚ such that the Rpn11 active
site is placed directly above the N ring channel.
Another striking feature of the ATP-gS and the substrate-
engaged structure is that the Rpt4/Rpt5 coiled coil establishes
contact with the Ub receptor Rpn10. This close proximity might
be the reason for the finding that the proximal Ub moiety of K-48
linked Ub4 chains crosslink efficiently to Rpt5 in the 26S holo-
complex (Lam et al., 2002). This finding was at the time inter-
preted as evidence for Rpt5 functioning as an Ub receptor,
but this could not be confirmed subsequently. Most likely the
neighboring Rpn10 was the Ub receptor involved. The interac-
tion of the Rpt4/Rpt5 coiled coil could enable transfer of re-
cruited substrates to the AAA-ATPase module. Since the
conformational change is ATP dependent, it would explain
why the commitment step requires ATP hydrolysis (Peth et al.,
2010).1558 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights reservedResolving the Mechanism of
Protein Degradation
Our current understanding of the struc-
ture and mechanism of the 26S protea-
some is comparable to that of the
ribosome at the beginning of this millen-
nium, when the molecular architecture
of the 70S ribosome had been estab-
lished (Ramakrishnan, 2002) and first
insights into the large-scale conforma-
tional changes (‘‘ratcheting motion’’) that
enable protein synthesis had been ob-
tained (Frank and Agrawal, 2000). These
data provided the basis of many following
studies that led to a fairly comprehensive
understanding of initiation of translation,
elongation of peptides, and termination
of translation (Schmeing and Ramak-
rishnan, 2009). Likewise, we anticipate
that the establishment of the molecular
architecture of the complete 26S protea-
some and insights into the enormous
conformational changes it undergoes
will be pivotal in stimulating and interpret-ing experiments that aim at elucidating the mechanism of sub-
strate recognition, commitment to degradation, ATP-dependent
unfolding, deubiquitylation, and translocation into the CP.
Our structural understanding of substrate recruitment is far
from complete. Solution NMR studies indicate that the Ub re-
ceptors Rpn10 and Rpn13 can simultaneously bind poly-Ub
chains (Zhang et al., 2009b). The distance of Rpn10 and
Rpn13 (90 A˚) in the 26S holocomplex could allow for simulta-
neous binding to both receptors if the stretched poly-Ub chains
comprise four or more Ub moieties, which would explain why
degradation requires at least this minimum length of poly-Ub
(Sakata et al., 2012). An alternative hypothesis is that binding
of the poly-Ub chain to the Ub receptors and to Rpn11 is
necessary, which would also require a poly-Ub length of at
least four moieties (Lander et al., 2012). Interestingly, biochem-
ical data suggest that the 26S proteasome contains a third, yet-
unidentified integral Ub receptor with 4-fold lower affinity than
Rpn10/Rpn13 (Peth et al., 2010). Undoubtedly, further studies
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Reviewwill be required to elucidate the precise mechanism of target-
ing of polyubiquitylated substrates by the 26S proteasome
by its resident Ub receptors. It is conceivable that different
poly-Ub configurations are addressed by different sets of Ub
receptors.
As alluded to above it seems likely that the Rpt coiled coils are
involved in the commitment of substrates to degradation after
their initial binding to Ub receptors. Thus, it is mandatory to char-
acterize the coiled coils and their adjacent disordered N-terminal
residues with regard to their potential to interact with secondary
degrons. In particular, Rpt4/Rpt5 may play a role in substrate
commitment because they are less restricted in their movement
than the other two pairs.
The conformational changes from the ATPh state to the highly
similar ATP-gS and substrate-engaged structures give first hints
at the mechanism of substrate translation by the AAA-ATPase.
Due to complexity of the system, it is anticipated that more
than two distinct conformational states play a role in substrate
translocation. Indeed, preliminary in-depth classification of
cryo-EM single-particle data indicates further nucleotide-
dependent states of the 26S proteasome beyond the ATPh
and ATP-gS structures (P.U., unpublished data). The temporal
order of these distinct states will have to be addressed together
with their structures. It has been proposed that hydrolysis
occurs sequentially throughout the hexameric ring, giving rise
to a mechanism similar to the one suggested for helicases
(Smith et al., 2011). Alternatively, hydrolysis of the different sub-
units may occur in a stochastic manner, without coordination
throughout the ring (Martin et al., 2005). These models have
been developed in the light of studies with homohexameric un-
foldases, but the mechanism involving heterohexamer might
bear significant differences.
Many aspects of deubiquitylation of polyubiquitylated
substrates by Rpn11 and the RP-associated DUBs remain enig-
matic. A high-resolution structure of Rpn11 is essential to under-
stand why it is inactive in isolation and what its mechanism of
activationmight be. This structure in the context of the entire hol-
ocomplex may resolve the issue of coupling of Rpn11’s DUB
activity and ATP hydrolysis. Likewise, structures of Ubp6 and
Uch37 associated with the RP may resolve their mechanism of
activation upon binding to the holocomplex. In addition to their
catalytic function, these associated DUBs also regulate degra-
dation of substrates independent of their DUB activity; the
underlying mechanism is far from obvious. On the one hand,
binding of polyubiquitinated substrates toUbp6 andUch37 stim-
ulates degradation of short peptides (Peth et al., 2009; Peth
et al., 2013). On the other hand, Ubp6 delays degradation of pol-
yubiquitinated proteins (Hanna et al., 2006). Structural studies
might allow rationalizing these seemingly contradictory func-
tions.
The elaborate reciprocal regulation of DUBs and the 26S pro-
teasome highlights a recent development of our understanding
of proteasomal function: whereas regulation of the UPS was
mostly ascribed to the ubiquitin part of the system, it now
emerges that multiple mechanisms of regulation reside in the
26S proteasome itself with its intricate allosteric network (Sledz
et al., 2013a). Exploring this internal regulation and its interplay
with the larger proteostasis machinery of the cell will be a daunt-
ing task for the next decades.StructureACKNOWLEDGMENTS
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